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ARTICLE INFO ABSTRACT

Keywords: Extracellular amyloid plaques formed from aggregated Amyloid-p (Ap), a specific cleavage product of Amyloid
- Amyloid-p (AB) Precursor Protein (APP), and intracellular tau-containing neurofibrillary tangles are the two key histopatho-
tau

logical hallmarks of Alzheimer’s Disease (AD). However, increasing evidence suggests that the trigger for neu-
rodegeneration in AD involves intraneuronal defects in endolysosomes, which might be induced by both Af and
tau. Recent high-resolution analysis of trafficking inside neuronal and non-neuronal cells suggests such defects
may arise through aberrant compartmental maturation events during regulated secretion. These events bring
together APP, secretory and endosomal compartments, and also the proteolytic secretases that generate Ap. They
may be initiated by the accumulation of Ap and/or C-terminal fragments of APP, which interfere with endoly-
sosomal trafficking and potentially induce tau pathology. They also lead to secretion of proteins from these Ap-
containing compartments, which can trigger endolysosomal phenotypes in other cells that endocytose them. By
implicating regulated secretion in the initiation of AD, this new model highlights novel intracellular mechanisms
that might drive neurodegeneration. Identifying suppressors of these pathways could suggest entry points for the
development of novel therapies that target the earliest stages of AD pathology.
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1. Introduction

As lifespan continues to increase, Alzheimer’s Disease (AD), the most
common form of dementia, is becoming increasingly prevalent world-
wide (Gustavsson et al., 2023). Although some rare forms of AD are
familial, most AD patients suffer from a sporadic form of the disease
linked to genetic and environmental risk factors. AD is associated with
two histopathological hallmarks: intracellular neurofibrillary tangles
assembled from hyperphosphorylated cytoskeletal tau protein (Rawat
et al., 2022) and extracellular amyloid plaques containing Amyloid-f
(Ap) peptides generated through cleavage of the transmembrane Amy-
loid Precursor Protein (APP) by f- and y-secretases (Weglinski and
Jeans, 2023) (Fig. 1). APP can be processed by two different proteolytic
pathways, non-amyloidogenic and amyloidogenic. Initiation of the
non-amyloidogenic route, which primarily takes place at the plasma

membrane, involves cleavage by o-secretase at a site within the Af
sequence, thus preventing the generation of Ap (Fig. 1). In the amyloi-
dogenic pathway, sequential cleavage by p-secretase and then y-secre-
tase produces AB. AP is normally produced at low levels in neurons,
where it has been proposed to undertake multiple roles, including
regulation of synaptic activity, sealing leaks in the blood-brain barrier
and anti-microbial functions (Brothers et al., 2018). The B-secretase--
cleaved transmembrane APP C-terminal fragment that has not been cut
by y-secretase (APP-BCTF or C99), is also reported to disrupt endolyso-
somal trafficking and be neurotoxic (Vrancx and Annaert, 2025).
Mutant APP alleles that encode amyloidogenesis-prone forms of Ap
or promote increased p-secretase cleavage are associated with rare cases
of familial AD (Wang et al., 2024), strongly implicating aggregation of
Ap as a disease trigger and supporting the long-standing ‘amyloid hy-
pothesis’ (Selkoe and Hardy, 2016). However, recently developed
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anti-amyloid antibodies that target plaques appear to have modest
inhibitory effects on disease progression in only a subset of patients (Kim
et al., 2025). Indeed, amyloid plaques are not always associated with
dementia, while cognitive decline can initiate long before plaques are
detected (Morris et al., 2014). These findings are more consistent with a
refined amyloid hypothesis in which aggregated Ap-oligomers, Ap-fibrils
and/or other APP-derived catabolites residing outside plaques are the
central players, which trigger neurodegeneration.

One appealing model that has emerged postulates that Af-induced
defects in trafficking of neuronal endolysosomal compartments (marked
‘X’ in Fig. 2) lead to degeneration (Cataldo et al., 1996; Kimura and
Yanagisawa, 2018). Indeed, endolysosomal trafficking regulators are
commonly identified as AD susceptibility genes in genome-wide asso-
ciation screens (GWAS) (Ando et al., 2021), and their contribution to
genetic risk appears to correlate with neuronal pathology (Mamde et al.,
2025).

In an extension of this ‘traffic jam’ model (Kimura and Yanagisawa,
2018), in sporadic disease, endolysosomal defects might be triggered or
exacerbated by neurofibrillary tangles, metabolic stress and by combi-
nations of genetic and environmental factors, which may also involve
glial and/or inflammatory pathologies (Roda et al., 2022; Deng et al.,
2024) (Fig. 2B). Analysing the fate of APP and A as they traffic through
cells could help to identify how and where these endolysosomal defects
evolve. Until recently, however, such studies suggested disparate func-
tions for multiple intracellular compartments, which were difficult to
integrate into a unified model.

2. Ap formation: roles for secretory and endolysosomal systems
Like other highly secretory cells, neurons require trafficking path-
ways that release proteins and other macromolecules into the extracel-

lular space, and also retrieve extracellular and membrane-associated
molecules at the plasma membrane (Alberts et al., 2002). Intracellular
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trafficking routes that deliver proteins to the cell surface include the
constitutive and regulated secretory pathways: regulated secretory
compartments form at the trans-Golgi network (TGN) and release sig-
nalling molecules, such as neuropeptides, typically in response to
increased intracellular calcium ion concentration (route marked ‘1’ in
Fig. 3A). There is strong evidence that neuropeptides have fundamental
roles in brain development, as well as remodelling and maintenance of
synapses, and that their synaptic release is frequently activity-dependent
(Nusbaum et al., 2017; Guillaumin and Burdakov, 2021; Hevesi et al.,
2025).

The endolysosomal system consists of a degradation pathway,
involving late endosomes and lysosomes (LELs), and several recycling
endosomal routes (‘2° and ‘3’ respectively in Fig. 3A). These can be
distinguished because the recycling compartments are labelled with
different Rab GTPases, a large family of monomeric G proteins that
regulate compartmental identity and intercompartmental vesicular
trafficking (Stenmark, 2009; Wilmes, Kiimmel, 2023). In neurons,
non-peptide neurotransmitters are concentrated into specialised recy-
cling endosomes in preparation for activity-dependent synaptic secre-
tion (Ivanova and Cousin, 2022), operating in parallel with
neuropeptide-containing regulated secretory compartments. Secretory
and endosomal compartments can directly exchange cargos with each
other via vesicular transport or indirectly through the Golgi apparatus
and plasma membrane. For example, secretory vesicles in the constitu-
tive pathway can be trafficked from the TGN to nearby endosomes
carrying the slow recycling endosomal marker Rab11 (Welz et al., 2014;
Nakano, 2022; ‘5° in Fig. 3A), while recycling endosomes are also
involved in retrograde transport back to the TGN (Maxfield and
McGraw, 2004; Vale-Costa and Amorim, 2016; ‘4’ in Fig. 3A). However,
until recently, it was thought that regulated secretory and endosomal
compartments do not usually coalesce (Fig. 3A).

In neurons, how is APP trafficked through these compartments and
where does it encounter f-secretase, known as BACEL, to initiate the
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Fig. 1. Non-Amyloidogenic and Amyloidogenic Processing of APP. Schematic summarises the two APP processing events that generate non-amyloidogenic and
amyloidogenic peptides. APP is a transmembrane protein containing two conserved extracellular domains (E1 and E2), a transmembrane domain and an intracellular
C-terminal domain with some evolutionarily conserved functions from humans to flies. In the non-amyloidogenic pathway, cleavage by a-secretase releases the APP
extracellular domain (secreted amyloid precursor protein a; SAPPx). Subsequent y-secretase cleavage generates a non-amyloidogenic peptide, p3, releasing the APP
intracellular domain (AICD) from the membrane. In the amyloidogenic pathway, sequential cleavage by p-secretase and then y-secretase produces the AICD and
amyloidogenic Ap-peptides of different lengths, including Ap43, AB42 and Ap40. These peptides, particularly Ap42, are prone to aggregation, forming neurotoxic
oligomers and fibrils, both inside and outside cells, which can cluster to produce extracellular amyloid plaques. Af42 and its oligomerised forms can also promote or
interfere with specific APP functions (see Section 5). In addition, transmembrane APP C-terminal fragments (APP-CTF) that have not been cut by y-secretase,
particularly the product of p-secretase cleavage (C99), are reported to be neurotoxic. Full-length APP has biological functions, including roles in DCG compartment
maturation and membrane-dependent protein aggregation, and some of these functions are reported to be modulated by Ap and/or Ap-oligomers. Neurotoxic
components of the amyloidogenic pathway are outlined in red.
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Fig. 2. Generation of AD Pathology Associated With Stalled Late Endosomal Compartments. Schematics compare late endosomes in neurons from healthy individuals
with those in AD patients, where lysosomal trafficking is blocked, producing an endolysosomal ‘traffic jam’; the inputs that might trigger or exacerbate this blockade
are highlighted in red text in B. The different subcellular regions within neurons, such as synaptic and dendritic domains, are not distinguished in these schematics,
although the key pathological interactions shown are thought to most likely initiate at the synapse. In the endolysosomal ‘traffic jam’ model, initiation of neuro-
degenerative events involves trafficking defects in late endosomal compartments, which contain Af and potentially pathological APP-C-terminal fragments (APP-
CTFs), particularly APP-BCTF. These compartments may be present and homeostatically regulated in healthy cells (marked with black ‘X’; A). They are involved in
APP processing and Ap formation with the resulting molecules normally being trafficked to lysosomes (Lys) for degradation. In AD, these late endosomal com-
partments (red ‘X’; B) accumulate Af and APP-CTFs, fail to be fully degraded by lysosomes and build up preferentially in presynaptic terminals. In sporadic AD, the
most expansive version of this model posits that this endolysosomal trafficking defect can be induced by A, APP-CTFs, phosphorylated tau, metabolic stress, inter-
neuronal propagation, and altered signalling by other cell types that normally maintain homeostatic equilibrium in the brain. The resulting pathology may be
exacerbated by multiple positive feedback loops, progressively leading to characteristic AD hallmarks (red boxes).

multi-step process of Ap formation? In healthy neurons of humans and
other mammals expressing endogenous levels of APP and BACE], there
are only low levels of overlap between these two proteins; high-
resolution and super-resolution microscopy studies of exogenous fluo-
rescent APP and BACE1 also suggest limited co-localisation, which in
response to synaptic activity, is increased in recycling endosomes (Das
et al., 2013; Wang et al., 2024).

Studies focused on AD-associated defects in compartment and vesicle
trafficking, or on pathological APP processing in sporadic and familial
AD have suggested both secretory and endosomal pathways are
involved. For example, an analysis in human HeLa cancer cells and rat
primary neurons indicated that clathrin adaptor AP-1, which controls
maturation of regulated secretory compartments, is essential for release
of APP from the Golgi and its pathological processing (Januario et al.,
2022). However, endosomes marked by the slow recycling endosomal
marker Rab11 are reported to be the major compartments in which APP
and f-secretase BACE1 interact (Buggia-Prévot et al., 2014; Das et al.,
2016) (Fig. 3A). Furthermore, in both human and rodent models,
extracellular Ap-oligomers can modulate APP’s signalling functions,
inducing further Ap generation, at least some of which accumulates in
recycling endosomes (Rolland et al., 2020; Antonino et al., 2022).
Synaptic activity not only increases colocalization of APP and BACE1 in
recycling endosomes (Wang et al., 2024), it is also thought to play a key
role in propagation of pathological Af-oligomers (Tampellini and Gou-
ras, 2010). However, in the conventional model of secretory trafficking,
this activity promotes release of neuropeptides and small-molecule
neurotransmitters from regulated secretory and recycling endosomal
compartments respectively.

Other studies have highlighted the importance of LELs in intracel-
lular Ap production (Fig. 3A); Presenilin-2 (PSEN2), the exclusively
intracellular y-secretase that generates Ap (Fig. 1), primarily resides in
these compartments (Ni et al., 2006; Sannerud et al., 2016; Strooper and
Annaert, 2016). Indeed, prior to amyloid plaque formation, in a mouse
model of AD, Ap-fibrils are reported to form in synaptic multivesicular

bodies (MVBs) (Eckman et al., 2023), which have historically been
equated to late endosomes. The intraluminal vesicles (ILVs) inside MVBs
are secreted as exosomes when these compartments fuse with the plasma
membrane (Fig. 3A) (Dixson et al., 2023). Evidence, using rodent
models and human cells, is increasing that secreted Ap-oligomers and
amyloid plaques are associated with exosomes and/or other extracel-
lular vesicles (EVs), and these vesicles affect the distribution and path-
ological effects of Ap-oligomers (eg. Rajendran et al., 2006; Dinkins
et al., 2016; Sardar Sinha et al., 2018; Mowry et al., 2023).

Ultimately, Ap has been shown to accumulate in many different
compartments within AD neurons, including the ER, Golgi/TGN, a range
of endosomes and lysosomes (Wang et al., 2024), though for some
compartments, it may be trafficked there from the key compartments
involved in AP generation, especially in the early stages of pathology.
Nevertheless, both secretory and endosomal compartments appear to be
involved in generating Af and driving pathology, raising the question of
how APP sequentially reaches these compartments,

One conventional explanation is that co-ordinated secretion/endo-
cytosis and/or vesicular trafficking shuttles APP and its derivatives be-
tween compartments either via the plasma membrane or intracellularly,
and these events become mis-regulated in a reproducible way in AD. For
example, Golgi fragmentation is a commonly observed defect in the cell
bodies of neurons in several neurodegenerative diseases, including AD
(Fourriere and Gleeson, 2026). It is also one of the earliest organelle
phenotypes in human induced pluripotent stem cell (iPSC) neuronal
models of AD (Haukedal et al., 2023). Such fragmentation can lead to
disruption of the normally separated anterograde trafficking of APP and
BACEL1 through the Golgi apparatus (Tan et al., 2020), thus permitting
generation of pathological Af and APP-BCTF in this location (Fourriere
and Gleeson, 2026).

A more radical alternative explanation to defective shuttling of APP
and BACE1 generating pathology is that entire secretory compartments
switch to endosomal identities through compartmental fusion during
normal maturation and quality control steps, and that these transition
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Fig. 3. AD-Relevant Events in the Regulated Secretory and Endosomal Trafficking Pathways: Conventional and Revised Models. A. Schematic shows the conventional
model for regulated secretion and endosomal trafficking, and highlights multiple compartments associated with APP processing and Ap-oligomer secretion. In
contrast to the constitutive secretory pathway (not shown), regulated secretory compartments (marked ‘1°) mature by aggregating proteins destined for secretion into
dense-core granules that are only released and dissipated when the cell is stimulated, typically mediated via an intracellular Ca®* signal. Late endosomes form
multivesicular bodies by inward budding of the limiting membrane and the resulting intraluminal vesicles (ILVs) can be released as exosomes if the compartment
fuses with the plasma membrane rather than the lysosome (route ‘2’). There are multiple fast and slow recycling endosomal pathways with small GTPase Rab11
controlling a major slow recycling route (route ‘3’). All pathways appear to play a role in Ap generation and secretion. Most notably, APP and BACE1 primarily
encounter each other in recycling endosomes, and APP-CTFs are most likely cleaved by y-secretase in the LEL pathway. Proteins in specific compartments can traffic
to other compartments via vesicular transport, eg. Rab11-positive recycling endosomes to TGN (route ‘4’), TGN to recycling endosomes (route ‘5’), TGN to late
endosomes (route ‘6’), etc. B. Revised model of regulated secretion in which DCG compartment maturation requires a Rabl1-recycling endosomal input that also
induces ILV biogenesis (marked ‘7’). Normal quality control mechanisms can target defunct compartments for lysosomal degradation via several related processes
that are collectively termed ‘crinophagy’, which requires interactions with LEL and autophagic compartments (route ‘8’). Therefore, regulated secretory compart-
ments can progress to recycling and then late endosomal identity, as they mature and pass through the quality control system. In this model, full-length APP, which
could reach DCG compartments either through the regulated secretory pathway or via recycling endosomes, can be cleaved by p-secretase BACE1, when they meet
inside maturing DCG compartments and then by y-secretase PSEN2 in the degradative quality control pathway (APP trafficking and processing shown schematically;
mechanisms discussed in more detail for secondary cells in Section 4 and Fig. 4). Any secretion from the intermediate compartments generated in this pathway as a
result of endolysosomal trafficking defects (dotted arrow) could release Ap, Ap-oligomers and exosomes, and potentially propagate pathology to other neurons. Note
that these defects may also be associated with accumulation and (exosome-associated) secretion of APP-BCTF, which is independently implicated in the induction of

AD-related phenotypes (see Sections 4 and 7; Fig. 4B).

processes malfunction in AD (Fig. 3B).
3. Endosomal contributions to regulated secretion

Regulated secretory compartments form at the trans-Golgi network,
but they then must mature, a process involving the aggregation of sol-
uble proteins within them into a central insoluble dense-core granule
(DCG), prior to compartmental fusion with the plasma membrane and
dissipation of the contents (Fig. 3A; Gondré-Lewis et al., 2012). During
maturation, these compartments undergo quality control steps, which
are poorly defined, but can lead to some defunct secretory compart-
ments being recycled via various autophagy-related mechanisms (Szenci
et al., 2023). These degradative processes are frequently referred to as
crinophagy. They can either be mediated by direct fusion with lyso-
somes, or following intermediate steps, with the machinery involved
sharing similarities with late endosomal/lysosomal heterotypic fusion or
late endosomal homotypic fusion (Zhou et al., 2020; Li et al., 2022; Boda
et al., 2023).

Characterisation of the accompanying transitions in compartmental
identity during these maturation and quality control processes requires
robust markers for each compartment and real-time imaging. However,
most secretory and endosomal compartments are smaller than the
wavelength of light (<250 nm diameter), and so electron microscopic or
super-resolution techniques are required to distinguish them from
neighbouring compartments. Only the latter method employs living
cells.

An alternative approach is to use cells with enlarged compartments.

Secondary cells, prostate-like secretory cells of the male accessory gland
in the fruit fly, Drosophila melanogaster, have about ten giant secretory
compartments of approximately 5 pm in diameter (Redhai et al., 2016;
Wells et al., 2023). Like other secretory cells, these compartments
package their soluble proteins into a DCG; this process is controlled by
established DCG compartment regulators, like Arfl and AP-1, and can be
followed in real time ex vivo in cultured glands (Wells et al., 2023).
Importantly, these compartments form at the TGN and are labelled by
the TGN and post-Golgi marker Rab6, but they then receive recycling
endosomal inputs and gradually transition to Rab11 identity, a change
required for DCG formation (Wells et al., 2023) (marked ‘7’ in Fig. 3B).

Rab11 also coats specific compartments leaving the TGN in yeast
(Thomas et al., 2021) and is a marker for more mature DCG compart-
ments in several Drosophila and mammalian cell types (eg. Neuman
et al., 2021; Sugawara et al., 2009), including Drosophila (Beronja et al.,
2005) and rat (Khvotchev et al., 2003) neurons. In mammals, there are
two forms of Rabll, Rablla and Rabllb, both of which may be
involved in this process (Khvotchev et al., 2003). Super-resolution
studies in human HeLa cervical cancer cells reveal that Arfl-positive
secretory compartments transition to Rablla identity after they leave
the TGN (Stockhammer et al., 2024), suggesting that the maturation
event observed in Drosophila secondary cells is highly evolutionarily
conserved. Indeed, Rab6 deletion also blocks maturation of synaptic
vesicles in mammalian neurons (Zhang et al., 2024), and Rab11 plays a
major role in presynaptic function in flies and mammals (Kang et al.,
2024; Kokotos et al., 2018), consistent with the Rab6 to Rab11 transition
mechanism being employed in synaptic secretion.
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The Rabll-positive DCG compartments in secondary cells also
contain ILVs, which are secreted as a specific subtype of exosomes called
Rabl1-exosomes, also produced in human cancer cells under the control
of Rablla (Fan et al., 2020). Like DCG formation, Rabl1-exosome
biogenesis is dependent on the Rab11 compartmental transition (Wells
et al., 2023). Interestingly, recent electron microscopic analysis using
cryo-fixation of bovine adrenal chromaffin neuron-like cells suggests
that mammalian DCG compartments can also contain ILVs (Wang et al.,
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2025), contrasting with many previous studies that employed alterna-
tive fixation methods. Furthermore, Koles et al. (2012) have demon-
strated in Drosophila that Evenness Interrupted (Evi), a co-secreted
binding protein for the Wnt family signalling molecule Wingless, is
released in a Rabl1-dependent fashion from presynaptic termini at the
larval neuromuscular junction on exosomes formed in MVBs. Therefore,
exosome biogenesis may be much more frequently associated with the
regulated secretory pathway than has previously been thought
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sosomes and degraded through quality control processes that will lead to limited Ap production through y-secretase cleavage (step ‘3’). As discussed in the text
(Sections 5 and 6), based on a range of studies in mammalian and fly systems, we hypothesise that other molecules with links to AD and neurodegeneration are also
involved in DCG compartment maturation and, as in the case of Ap (B), their misregulation may induce endolysosomal trafficking defects that initiate or exacerbate
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vesicular AP and protein aggregates (step ‘4’). These contents can induce endolysosomal defects in other cells that endocytose them, as is also observed in AD (second
red box). Since amyloidogenic mutant Af peptides can have more severe effects on DCG biogenesis and intercellular phenotypic propagation, it is likely that oli-
gomerised forms of Ap are involved in these defects.
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(Goberdhan et al., 2026), including in neurons.

The discovery that regulated secretion is intimately linked to the
recycling endosomal system provides a route by which LELs might also
input through crinophagy. In the case of secondary cells, there appears
to be a partial acidification process first, potentially preceded by late
endosome-associated Rab7 recruitment to DCG compartments, and fol-
lowed by fusion to this cell’s large lysosomes (‘8 in Fig. 3B; Fan et al.,
2020; Singh et al., 2025). In mammalian neurons, autophagy-related
processes play key roles in recycling presynaptic secretory compart-
ments (Mishra et al., 2024), and trafficking of lysosomes to presynaptic
termini is required for clearance of those compartments targeted for
degradation (Farfel-Becker et al., 2019). Therefore, all key compart-
ments involved in maturation of regulated secretion and its quality
control appear to be present and functional at the mammalian synapse.

All the findings discussed above highlight an important principle in
secretory and endolysosomal trafficking: compartments can change
their Rab identity through compartmental fusion and maturation, and
these changes can involve gradual transitions. Consequently, the many
studies that rely on identification of compartmental identity using
markers like Rabs need to be interpreted with caution; without careful
analysis of double- and triple-Rab-labelled cells (Shearer, Petersen,
2019), they may fail to distinguish vital transition stages. Live imaging is
required to follow such dynamic changes and in neurons, where addi-
tional specialised mechanisms are involved in controlling polarised
trafficking (Wang et al., 2024), super-resolution microscopy will almost
certainly be critical to confirm that these cells employ the same transi-
tions as non-neuronal cells to generate their DCG compartments.
Furthermore, since overexpression of Rabs and other regulators can
significantly disrupt secretory trafficking (Corrigan et al., 2014; Fan
et al,, 2020), employing endogenously labelled proteins, wherever
possible (Wells et al., 2023; Stockhammer et al., 2024), is likely to be
important in teasing apart the detailed mechanisms involved.

In summary, maturation and quality control steps in the regulated
secretory pathway involve compartmental transitions requiring inputs
from recycling endosomes and late endosomes respectively (Fig. 3B).
These steps can sequentially deliver the secretases involved in APP
processing and Ap formation to regulated secretory compartments. If the
resulting compartments are not degraded, this might provide the ‘per-
fect storm’ to drive Ap accumulation (Figs. 3B and 4). But is APP traf-
ficked through the regulated secretory pathway, and if so, does it play a
physiological role in these compartments?

4. APP’s Roles in DCG Biogenesis and Compartment Maturation

APP and/or its Drosophila homologue, APPL, have a range of func-
tions in the nervous system, including regulation of brain development,
memory and synaptic functions (Nalivaeva and Turner, 2013), trophic
activities (Dawkins and Small, 2014), and intercellular signalling. In the
latter case, APP appears to act as a receptor for different Wnts, which
control APP stability (Liu et al., 2021), and as a regulator of hetero-
trimeric G-proteins (Copenhaver, Kogel, 2017), a function activated by
Ap-oligomers and -fibrils (Antonino et al., 2022). More recent work has
revealed a potentially conserved role for APP in controlling protein
aggregation events in DCG compartments (Singh et al., 2025), an ac-
tivity that might underpin some of its more general functions in the
nervous system highlighted above.

A link between Rabll-positive recycling endosomes, exosome
release and both physiological and pathological processing of APP has
been suggested by multiple studies in flies and mammals. Genetic
studies of the Drosophila neuromuscular junction have revealed a key
function for Rabll in pre-synaptic secretion, including release of
exosome-like vesicles (Koles et al., 2012; Walsh et al., 2021). This is
balanced by the activity of the retromer complex, which controls the
sorting of cargos within endosomes. The pre-synaptic Rabl1 compart-
ments in this system contain membrane-associated C-terminal fragments
of APP (Fig. 1); their levels correlate with Rab11 and increase in neurons
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that are over-producing exosomes (Walsh et al., 2021; Hendricks et al.,
2024). Importantly, studies assessing the effects of AD-associated
endolysosomal dysfunction in mammalian neurons also highlight a
central role for Rabl1 in linking exosomes and Ap, as well a potential
function for the retromer complex (Arbo et al., 2020). Furthermore,
there is some overlap between a generic Rabl1-exosome protein cargo
signature characterised using human cancer cell lines (Singh et al.,
2025) and proteins elevated in the cerebrospinal fluid of AD patients (Li
et al., 2023), consistent with Rabl1l-dependent, exosome-associated
secretion being induced in AD.

Although most studies of APP have focused on its roles in neurons,
there are two other APP-related proteins, APP-like protein 1 (APLP1)
and APLP2 in addition to human APP. APP family members are broadly
expressed throughout the body and therefore may have general func-
tions that are not neuron-specific. In fact, genetic analysis in Drosophila
secondary cells reveals that Drosophila’s single APP homologue, APPL, is
required for normal DCG biogenesis, a function that can be substituted
by human APP (Singh et al., 2025) (Fig. 4A).

Like human APP, APPL is a transmembrane protein (Figs. 1 and 4A).
Prior to cleavage, its extracellular N-terminal domain is involved in
priming DCG protein aggregation, a process regulated by its E1 domain
(step ‘1’ in Fig. 4A; Singh et al., 2025). This domain is implicated in
Zn?*- and Cu?"-modulated human APP dimerization (August et al.,
2019), which may partly explain the established roles of divalent cations
in DCG biogenesis (Germanos et al., 2021; Jayawardena et al., 2019).
For normal DCG maturation to take place, APPL must then be cleaved,
potentially at its p-secretase cleavage site (Fig. 1 and step ‘2’ in Fig. 4A),
to dissociate the protein aggregates from membranes and target the
APP-CTF to the lysosome (Singh et al., 2025). This lysosomal targeting
pathway may involve trafficking to the cell surface and subsequent
endocytosis, but alternatively, defective DCG compartments are some-
times targeted via the quality control pathway to LELs (step ‘3’ in
Fig. 4A), which are predicted to contain y-secretase.

Stockhammer et al. (2024) have suggested that recycling endosomes
in the regulated secretory pathway may represent a significant propor-
tion of recycling endosomes in the cell. In SCs, APPL must traffic through
these compartments and be cleaved by p-secretase to fulfil its functions
in DCG biogenesis, and overexpressed APPL also seems to traffic through
this pathway at high levels (Singh et al., 2025). As discussed above, APP
and BACE1 appear to encounter each other in recycling endosomes of
mammalian neurons in a synaptic activity-dependent fashion (Das et al.,
2013). Therefore, although the dynamics of APP trafficking through
maturing DCG compartments still needs to be assessed in neurons, it
seems quite likely that this process will generate physiological levels of
APP-BCTF and then Ap in active neurons (via steps ‘2’ and then ‘3’ in
Fig. 4A or by trafficking via the plasma membrane), which are relevant
to the reported functions of Ap (discussed in Brothers et al., 2018).

Disruption of APP processing or APP-dependent DCG aggregation
and dissociation events in SCs diverts more compartments towards the
degradative arm of the secretory quality control pathway and can lead to
accumulation of compartments that, although partially acidified and
degraded, fail to traffic normally to lysosomes (‘3 in Fig. 4B; Singh et al.,
2025). The resulting cells therefore have an endolysosomal trafficking
defect characterised by aberrant compartments that have received
secretory, recycling and late endosomal/lysosomal inputs, a combina-
tion that could promote the pathological build-up of Af and/or
APP-BCTF (Figs. 3B and 4B).

These findings are consistent with recent reports showing that APP
plays a key role in maintaining proteostasis in the brains of ageing flies,
mice and humans (Nithianandam et al., 2023) and that overexpressing
the p-cleaved C-terminal fragment of APP can induce neuronal toxicity
in mammals independently of Af (Lauritzen et al., 2016;
Vaillant-Beuchot et al., 2021; Bretou et al., 2024; Luo et al., 2025).
Indeed, diverting DCG compartments towards the degradation pathway
should traffic APP-BCTF to LELs, where it has been shown to induce
endolysosomal defects (Kwart et al., 2019; Im et al., 2023), potentially
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contributing to neurotoxic pathology. Therefore, even though the model
discussed in this review focuses primarily on Af generation, the patho-
logical mechanisms discussed could also elevate APP-BCTF, contributing
to pathology (see also Section 7).

APPL associates with ILVs in Drosophila DCG compartments (Singh
et al., 2025). Knockdown of some ESCRT (Endosomal Sorting Complexes
Required for Transport) genes, which are essential for biogenesis of these
ILVs, disrupts DCG formation and/or morphology (Marie et al., 2023),
suggesting a link between these two intra-compartmental structures.
Interestingly, ESCRT knockdown suppresses APP-induced neuro-
degeneration in a fly eye model of AD (Zhuang et al., 2023). Although as
with many animal AD studies, this overexpression model does not reflect
the pathology in AD patient neurons and will inevitably lack some of the
cellular mechanisms operating in human neurons, genetic screens using
the Drosophila eye have successfully identified conserved suppressor and
enhancer functions for genes implicated in AD (Jiang and MacNeil,
2023; Tsintzas and Niccoli, 2024). Therefore, these studies raise the
intriguing possibility that AD pathology may involve defects in
APP-dependent interactions between ILVs and DCGs.

In conclusion, in non-neuronal cells, APP appears to have a
conserved role in controlling membrane-dependent protein aggregation
events in Rabll-positive compartments of the regulated secretory
pathway. Endolysosomal trafficking defects are induced when this
process is disrupted. Neuronal Rab11-positive secretory compartments
also play a crucial role in synaptic function and APP processing, with
APP critically required for normal proteostasis. So could abnormal
secretory compartments with defective lysosomal targeting be the
location where mis-processed APP and A initiate AD-associated path-
ological changes?

5. Ap, DCG compartment maturation, and the onset of AD-
relevant pathologies

Multiple reports suggest that neurodegeneration-inducing effects of
AP may be mediated via APP (reviewed in Bignante et al., 2013; Kepp,
2016). In fact, recent findings indicate that generation and intracellular
accumulation of Af may be stimulated via Af-oligomer-dependent
activation of APP signalling in human Rab11-positive recycling endo-
somes (Antonino et al., 2022). Indeed, the presence of AB-fibrils in
mammalian synaptic MVBs (Eckman et al., 2023) and the association of
extracellular vesicles with amyloid plaques in AD patient brains
(Rajendran et al., 2006; Gilbert et al., 2024) are consistent with a model
in which critical events generating Ap-induced pathologies take place in
multivesicular recycling endosomes produced during secretory
compartment maturation.

In line with these observations, expression of human Af in the
secretory system of secondary cells disrupts maturation of DCG com-
partments (Singh et al., 2025). Indeed, some mutant forms of Ap that are
associated with familial AD strongly inhibit the normal separation of
protein aggregates from the DCG compartment limiting membrane and
appear to partially block APP cleavage. Related defects are also associ-
ated with wild type Ap expression, but appear more slowly. The defec-
tive compartments fuse with smaller acidic compartments, but
subsequently, many fail to traffic to the large lysosomes within these
cells and they are therefore only partially degraded (Singh et al., 2025)
(marked ‘3’ in Fig. 4B).

Membrane-induced protein aggregation in endosomal compartments
is not a new concept. It plays a critical role in establishing a protein
scaffold formed from proteolytic fragments of the premelanosome
(PMEL) protein in human and rodent pigment-containing melanosomes
(van Niel et al., 2015). Interestingly, Apolipoprotein E (ApoE), a key
genetic risk factor in AD, acts as a regulatory bridge between ILV
membranes and the protein scaffold in melanosomes (van Niel et al.,
2015). Recently ApoE has been shown to co-localise with Af in endo-
somal compartments of neurites in rodents, with ApoE4, the variant
form associated with increased susceptibility to AD, increasing
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intra-compartmental Af levels (Konings et al., 2023). It will be inter-
esting to investigate whether ApoE associates with ILVs and/or mem-
branes in this scenario, since it might help to explain why p-amyloid
plaques in patients contain structures resembling complexes between
PMEL, ApoE and ILVs in melanosomes (Gilbert et al., 2024).

In AB-expressing secondary cells, the contents of defective secretory
compartments that fail to be degraded in lysosomes appear to be
secreted (step ‘4’ in Fig. 4B) and this material is then abnormally
endocytosed by other cells, which also develop endolysosomal defects
(Singh et al., 2025). Interestingly, neurotoxic AB-oligomers pass be-
tween human neurons and glia via a mechanism that also requires
exosomes, consistent with the idea that the link between ILVs and
aberrantly aggregated proteins in the secretory system might be main-
tained following secretion (Tong et al., 2024). In other studies, using
both flies and mammalian neurons, exosomes and ApoE have both been
implicated in mechanisms that not only transfer peroxidated lipids and
glucosylceramide from active neurons to glia for detoxification, but also
appear to modulate the pathological activities of Ap (Moulton et al.,
2021; Wang et al., 2022). It is tempting to speculate that these protective
intercellular communication mechanisms employ the regulated secre-
tory pathway, and that when this pathway is disrupted, it leads to
neurotoxicity, while also generating a route to propagate the resulting
defects to other cells.

In summary, AP can induce endolysosomal pathology within the
quality control arm of the regulated secretory trafficking pathway
through which it is generated (regulated secretory — recycling endo-
somal — late endosomal compartments), and this phenotype can then be
propagated to other cells. Failure of the APP-dependent dissociation of
protein aggregates from membranes induces these pathologies, and may
explain why exosomes are implicated in intercellular transfer.

Importantly, an increasing number of AD studies employing neurons
derived from human induced pluripotent stem cells (hiPSCs), where
high levels of extracellular Af, and overexpression of APP or its catabolic
products are often not employed, highlight endolysosomal and auto-
phagosomal defects in cells carrying mutations in AD susceptibility loci
(eg. Hung, Livesey, 2018; Mishra et al., 2025; Krogsaeter et al., 2025).
Indeed, in an hiPSC model for loss-of-function of SORLI, an APP traf-
ficking regulator, the observed accumulation of enlarged recycling
endosomes, as well as early endosomes (Mishra et al., 2024), is consis-
tent with the phenotypes predicted by defective regulated secretion.
Interestingly, specific SORL1 variants can also enhance Golgi fragmen-
tation in hiPSC models (Haukedal et al., 2023), suggesting that these two
AD pathologies affecting different steps in the secretory pathway might
be linked. Furthermore, SORLI mutation-induced endolysosomal de-
fects can be suppressed by reducing APP levels (Hung et al., 2021), while
AD-related endolysosomal defects appear to stimulate release of
Ap-associated exosomes (Eitan et al., 2016), which is again consistent
with the model we propose (Figs. 3B and 4). Importantly, hiPSC studies
have also highlighted an important role for APP-BCTF in generating
AD-associated endolysosomal defects (Kwart et al., 2019), a finding that
could also be explained by the model discussed in this article. Indeed, in
line with this model (Fig. 4), exosomes are reported to carry elevated
levels of APP-CTF in human and animal neuronal models of lysosomal
dysfunction and AD (Miranda et al., 2018; Lauritzen et al., 2019; Draper
et al., 2026).

To date, many of the primary data supporting the model and un-
derlying mechanisms discussed in this article have been generated using
a non-neuronal cell type and by overexpressing AD-related proteins and
peptides, as is common in animal models. However, it is important to
emphasise that in the SC system, quality control steps in regulated
secretion are also disrupted by reduced function of genes involved in
DCG biogenesis, most notably APP (Dar et al., 2021; Singh et al., 2025),
consistent with APP’s role in proteostasis within the brain, conserved
from fly to human (Nithianandam et al., 2023). Systems such as sec-
ondary cells, in which these steps can be analysed at high resolution,
potentially provide the critical stepping stone required to highlight the
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specific sub-compartmental events that could trigger endolysosomal
pathology and the regulatory inputs that might be modulated to sup-
press them. These now need to be fully tested in human neurons under
less artificial conditions.

6. Where might tau fit in?

If defects in membrane-induced protein aggregation inside DCG
compartments initiate early AD pathologies, how could tau, a cyto-
skeletal regulator residing in the cytosol, also be involved? The endo-
lysosomal trafficking defects associated with AD (Kimura and
Yanagisawa, 2018) and the aberrant trafficking in the secretory quality
control pathway induced by Ap (Singh et al., 2025) hint at disrupted
interactions between secretory compartments and the cytoskeleton, but
could tau participate in this?

There are, in fact, already several reports linking tau to both Ap and
AB-oligomers in the endolysosomal system. For example, in rodent
neurons, Af spreading between cells induces tau hyperphosphorylation
via endolysosome-mediated mechanisms (Gao et al., 2025), and
AB-oligomer assembly in endolysosomes can induce pathological
changes in tau’s subcellular organisation (Schiitzmann et al., 2021). The
reported involvement of Af in the exosomal transfer of pathological tau
‘seeds’ between human neurons suggests that Ap/tau interactions may
work both ways and be linked to exosomes as well as endosomes
(Miyoshi et al., 2021). Whether these interactions take place inside DCG
compartments that have failed to mature properly is now a critical
question. In this regard, the observation that in mouse neurons, tau
accumulation disrupts activity of IST1, an accessory ESCRT-III protein
implicated in Rabl1a-exosome biogenesis (Marie et al., 2023), suggests
a tantalising link to recycling endosomal secretory compartments (Feng
et al., 2020).

Could there be other molecular connections between tau and APP-
derived cleavage products that implicate the endolysosomal system
and exosome biogenesis? Interestingly, APP-BCTF, Ap and tau have all
been shown to bind to components of the V-ATPase proton pump, a
transmembrane complex associated with recycling and late endosomes,
as well as lysosomes (Kim et al., 2023; Im et al., 2023).

But perhaps one of the most exciting candidates that might link tau
and A is activity-regulated cytoskeleton-associated protein, ARC (or
ARC1 in Drosophila). This protein, which has a well-established,
conserved role in synaptic plasticity (Sullivan et al., 2025), is elevated
in the brains of AD patients versus healthy controls (Wu et al., 2011).
Furthermore, some genetic variants of Arc are associated with increased
AD risk (Landgren et al., 2012; Bi et al., 2018). In flies, elevated tau
levels induce increased ARC1 expression and tau-induced neuro-
degeneration is suppressed by Arcl knockdown or mutation (Schulz
et al., 2023). Another important property of ARC is that it contains a
viral-like Gag domain, which can assemble into mRNA-containing
capsid structures within ILVs at pre-synaptic termini (Ashley et al.,
2018). Furthermore, mammalian Arc can bind to the cytoplasmic
domain of APP (Lee et al., 2023) and genetically impacts the generation
of secreted EVs associated with APP processing and Af (Arbo et al.,
2020). Therefore, ARC appears to provide a cytoskeletal link between
tau, exosomes, APP, Af and AD. Since its proposed roles in synaptic
plasticity and RNA transfer across the synapse (Sullivan et al., 2025) are
likely to involve the regulated secretory pathway, more detailed inves-
tigation of ARC’s functions in regulated secretion and intercellular
communication, both in healthy and Ap-/tau-modulated cells, now
seems essential.

7. Concluding Remarks and Future Perspectives

The recent discovery that DCG compartments mature in an APP-
dependent manner through transition to recycling endosomal identity,
and can subsequently receive late endosomal/lysosomal inputs, which
in response to AD-relevant genetic manipulations induce endolysosomal
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and secretory defects (Fig. 4B), has suggested a new conceptual frame-
work to explain the initial triggering of AD pathology. It predicts that in
sporadic disease, progressive accumulation of defective protein aggre-
gates in secretory compartments of ageing neurons could promote
pathological changes in Ap generation and reorganisation of interacting
cytoskeletal tau that exacerbates these phenotypes further.

Interestingly, in this model, pathological changes reflect defects in a
fundamental cell biological process that probably occurs across many or
all animal tissues. However, long-lived neurons with their unique
secretory morphology may be particularly susceptible to these changes.
The well-established role of autophagy in AD and other neurodegener-
ative diseases (Oettinger and Yamamoto, 2025) aligns well with the
model and suggests that a better understanding of autophagy’s roles in
DCG compartment quality control may provide more insights into
possible therapeutic interventions. Furthermore, the recent reports that
APP C-terminal fragments generated following f-secretase cleavage
accumulate at synapses in AD (Ferrer-Raventos et al., 2023) and can
independently induce AD pathology (Lauritzen et al., 2016;
Vaillant-Beuchot et al., 2021; Bretou et al., 2024; Yeapuri et al., 2025;
Luo et al., 2025; Vrancx and Annaert, 2025) are also compatible with the
idea that maturing recycling endosomal DCG compartments might be
the origin of pathological events that trigger neurodegeneration.

Notably, genes implicated in other neurodegenerative diseases also
appear to play key roles in Rabll-positive endosomes and DCG
compartment maturation. For example, CHMP2B and CHMPIA, two
ESCRTs regulating Rabl1-exosome biogenesis (Marie et al., 2023), are
associated with frontotemporal dementia and hereditary spastic para-
plegia respectively (Urwin et al., 2009; Reid et al., 2005). Furthermore,
Rabll compartments have been implicated in pathological events
linked to amyotrophic lateral sclerosis- (ALS-) associated TDP-43
(Deshpande et al., 2016), Parkinson’s-associated a-synuclein (Breda
et al., 2015) and Huntington’s Disease (Giorgini and Steinert, 2013) in
Drosophila disease models. Therefore, detailed analysis of maturation
events in the regulated secretory pathway in these diseases may reveal
some common principles and determine the potential for
disease-specific targeting of individual steps.

So how might the advances considered in this article be pursued
further and impact on the AD field in the future? As discussed above,
there are several genetic and molecular players associated with AD, such
as tau, ApoE and ARC1, whose roles in regulated secretion within
Drosophila secondary cells now need detailed investigation (Fig. 4A). In
these cells, the Arc1 gene appears to be expressed at particularly high
levels (Immarigeon et al., 2021). If ARC1 and tau do modulate ILV
and/or DCG biogenesis and endolysosomal trafficking during secretory
compartment maturation, this would suggest a fascinating link between
the cytosolic cytoskeleton and the intra-compartmental events that
appear to be affected by other AD-related genetic manipulations. The
different phenotypes induced by Ap in secondary cells, including DCG
mis-assembly, endolysosomal trafficking defects and the intercellular
propagation of these defects can all be screened for genetic modifiers
and then those modifiers tested in established AB-induced neurodegen-
erative models in the fly to assess their disease relevance.

A central objective going forward will be to exploit state-of-the-art
high-resolution live-cell imaging techniques to better characterise DCG
maturation and quality control steps in mammalian models and hiPSC
systems, focusing particularly on differentiated neurons. AD studies in
hiPSCs have already highlighted endolysosomal and autophagic traf-
ficking defects as common phenotypes in patient-derived and geneti-
cally manipulated neurons (Mishra et al., 2024; Maninger et al., 2024;
Odonchimed et al., 2026), but the initiating mechanisms remain un-
clear. In these systems, the use of endogenously expressed tagged
markers and the characterisation of Rab transitions during secretory
maturation will be critical. In this context, identifying neuronal DCG
cargos, such as neuropeptides, that can also be endogenously labelled
should help to identify the compartments and assess their targeting for
lysosomal degradation during quality control. Once these maturation
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steps are characterised and analysed in AD models that are generated
from patients or via genome-editing, it should be possible to determine
their genetic regulation, informed by genetic modifier studies in simpler
organisms, to pinpoint cross-species parallels and differences. As in the
fly system, robust modifiers could then be tested in mammalian AD
neurodegeneration models to identify which pathological steps might be
good therapeutic targets.

Mammalian and fly data suggest that Rabl1a-exosome loading and
secretion might be misregulated in AD patients and AD animal models
(Li et al., 2023; Arbo et al., 2020; Singh et al., 2025), and that this may
be relevant to intercellular propagation of endolysosomal trafficking
defects (Tong et al., 2024). In addition to their potential functional
importance, these findings suggest that Rabl1-exosomes may be useful
AD biomarkers. Surface markers specific for this exosome subtype are
currently limited (Mason et al., 2024), so identifying new ones, partic-
ularly on neuronal Rabll-exosomes, will be critical to test this
hypothesis.

Finally, a potentially important take-home message from the studies
considered in this article, is that the dynamic nature of secretory
biology, and in particular events occurring inside secretory compart-
ments, might be central to identifying hub-like processes that unite the
diverse genetic and molecular players associated with AD. Given the
complexity of these processes, if they can be better characterised, they
may not only suggest novel therapies and new biomarker assays, but
they may also allow us to categorise multiple sub-classes of disease and
consequently suggest more personalised treatment strategies for pa-
tients in the clinic.
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Glossary

Ap-fibrils: insoluble aggregates of many Af-monomers forming fibrils, which can
contribute to amyloid plaques

Ap-oligomers: soluble aggregates of multiple AB-monomers

Amyloid plaques: extracellular deposits containing Ap-fibrils, but also extracellular vesicles
and other proteins

APP (Amyloid Precursor Protein): single-pass transmembrane protein, which can be cleaved
to form neurotoxic Ap and APP C-terminal fragments (Fig. 1)

Autophagy: multifaceted cellular process employed to degrade and recycle intracellular
compartments and cytosol, typically by enveloping material in a double-membrane
prior to lysosomal fusion. Some autophagic regulators also control specific forms of
secretion (secretory autophagy) and ILV formation.

DCG (dense-core granule): intra-compartmental aggregate or condensate of proteins
destined for secretion, which normally dissipates when the compartment fuses with
the plasma membrane

Exosomes: extracellular vesicles formed inside endosomal MVBs

Familial AD: rare forms of genetically inherited AD in which mutations in APP/Ap or tau for
example typically ensure that affected individuals suffer from early-onset AD

ILVs (intraluminal vesicles): vesicles primarily found inside compartments with endosomal
identity, usually formed by inward budding of the limiting membrane

LELs (late endosomes and lysosomes): compartments of the degradative endosomal system;
late endosomes are the long-established (but not exclusive) origin of exosomes

MVBs (multivesicular bodies): intracellular membrane-bound compartments containing
intraluminal vesicles, typically endosomal in origin

Neurofibrillary tangles: intracellular pathological aggregates of hyper-phosphorylated tau
protein

Regulated secretion: a form of secretion in which the production and release of secretory
compartments is controlled, typically by hormones, other extracellular signals or
membrane depolarisation; this contrasts with constitutive secretion where secretion is
continuous, primarily determined by the rate of new secretory compartment forma-
tion at the TGN

Secondary cells (SCs): prostate-like secretory cells of the male accessory gland in the fruit
fly, Drosophila melanogaster, containing giant secretory compartments and lysosomes

Secretory granules: another term for DCGs

Secretory vesicles: a term used to describe regulated secretory compartments, which are
distinct from the ILVs that may be present inside them and from vesicles that traffic
material between different secretory and endosomal compartments

Sporadic AD: the common form of late-onset AD caused by a combination of genetic and
environmental factors, in which many features of the pathology are shared with fa-
milial AD

Trans-Golgi network: the secretory exit site from the Golgi, where different cargos are sorted
into specific compartments destined for constitutive or regulated secretion, or into
compartments involved in other cellular functions, eg. LELs

Tau: microtubule binding protein associated with neurofibrillary tangle formation and AD
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